Chaperonin GroEL mediates the folding of protein encapsulated in a GroES-sealed cavity (cage). Recently, a critical role of negative charge clusters on the cage wall in folding acceleration was proposed based on experiments using GroEL single-ring (SR) mutants SR1 and SRKKK2 [Tang YC, et al. (2006) Cell 125:903-914; Chakraborty K, et al. (2010) Cell 142:112-122]. Here, we revisited these experiments and discovered several inconsistencies. (i) SR1 was assumed to bind to GroES stably and to mediate single-round folding in the cage. However, we show that SR1 repeats multiple turnovers of GroES release/binding coupled with ATP hydrolysis.
T he bacterial GroEL/GroES chaperonin is an essential molecular chaperone that mediates the folding of various proteins (1, 2) . GroEL consists of two rings stacked back to back, and each ring, made up of seven 57-kDa subunits, possesses a large central cavity. GroEL binds to a wide range of denatured proteins at the hydrophobic apical end of the central cavity to make a binary complex of GroEL/substrate protein. On binding of ATP to GroEL, GroES attaches to the apical end of the GroEL ring as a lid, generating a GroEL/GroES/substrate protein ternary complex, in which the substrate protein in the sealed cage starts folding. Hydrolysis of bound ATP triggers the detachment of the GroES lid to allow the substrate protein in the cage, whether folded or denatured, to be free. The next denatured protein is captured by GroEL, ATP binds to GroEL, and the cycle repeats. Single-round folding can be observed without the complication of coordinated ATP hydrolysis turnover of the two rings in GroEL by the use of a single-ring (SR) mutant of GroEL (SR1) that holds the GroES lid long enough for the substrate protein to finish folding in the cage (3) .
Two model mechanisms for the function of chaperonin in mediating protein folding have been proposed. The passive Anfinsen cage model explains that proteins fold in a spontaneous manner in the cage without the risk for aggregation (4) . The confinement model proposes that proteins folding in the narrow space of the cage destabilize off-pathway (or slow) folding intermediates and can be more rapid than the spontaneous folding (5) (6) (7) (8) . These models assume that a substrate protein starts folding essentially as a free polypeptide in the cage on GroES binding. However, we recently found that polypeptide chains were loosely tethered to GroEL/GroES interface regions and were subsequently released either into the cage, in which the protein completed folding (incage folding), or into the outside bulk medium, in which it folded in a spontaneous manner (out-of-cage folding) (9) .
Recently, important aspects of chaperonin function were reported by Tang et al. (6) and Chakraborty et al. (8) . Using SR variants of GroEL, they extensively studied chaperonin-mediated folding of maltose binding protein, especially its mutant with two amino acid replacements (DMMBP; V8G/Y283D). They generated a unique mutant derived from SR1 in which three negatively charged residues (D359, D361, and E363) were replaced with lysines (SRKKK2), and they found that SRKKK2 had largely impaired chaperonin activity. In other words, it encapsulated DMMBP but was unable to accelerate folding and failed in assisting the folding of ribulose-1,5-bisphosphate carboxylase/ oxygenase (Rubisco). Folding by SRKKK2 was accelerated by the addition of an osmolyte, which was assumed to compensate for the loss of the negative charge effect by limiting structural flexibility of polypeptides. Based on these observations, these investigators proposed that clusters of negative charges exposed on the cage wall play a critical role in folding acceleration by chaperonin and that their removal resulted in the conversion of an active chaperonin cage to a largely passive folding environment. Taking out-of-cage folding into account, we revisited the studies mentioned above. Surprisingly, we found that the majority of DMMBP was folded via out-of-cage folding; in other words, spontaneous folding. This finding, in addition to others discussed here, argues against a critical role of negative charges on the GroEL cage wall in the accelerated folding of protein substrates.
Results
Iterative Turnover of SR1 in Guanidium Chloride. Chakraborty et al. (8) reported that the folding of DMMBP in the SR1 cage occurs much more rapidly than spontaneous folding. Indeed, when we monitored the folding of DMMBP by an increase in Trp fluorescence under the reported conditions ["buffer B" (20 mM Tris·HCl [pH 7.5], 20 mM KCl, 5 mM Mg(OAc) 2 , 1 mM DTT) in the report by Chakraborty et al. (8) was used], the apparent folding rate constants of DMMBP by SR1 (0.18 min ) were about threefold larger than that of spontaneous folding (0.064 min −1 ) (Fig. 1A) . However, in these experiments, DMMBP was denatured by guanidium chloride (GdmCl), which has been known to destabilize the association of GroES with This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: masasuke.yoshida@cc.kyoto-su. ac.jp.
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GroEL (10) . In fact, the final GdmCl concentration in the folding solution derived from GdmCl-denatured DMMBP was 60 mM, a concentration high enough to induce the detachment of GroES from SR1 in the presence of ATP (9) . Another version of the SR mutant of GroEL, SR398 [SR1(D398A)] is known to form a stable complex with GroES in the presence of GdmCl (9, 11) . Using SR398 as a control, we thoroughly checked the stability of GroES association with SR1. Fluorescently labeled GroES AEDANS in the SR1/DMMBP/GroES AEDANS ternary complex was exchanged in the presence of ATP with nonlabeled GroES added in excess and appeared as free GroES AEDANS in gel-filtration analysis (Fig. 1B) . The fluorescence anisotropy change showed that GroES AEDANS was detached gradually (0.34 min ) from the SR1/DMMBP complex (Fig. S1A) . SR398, on the contrary, retained GroES AEDANS in the ternary complex in these tests. These results indicate that the folding of GdmCl-denatured DMMBP by SR1 occurs through iterative cycles of chaperonin reactions coupled with ATP hydrolysis; SR1 detaches GroES and releases DMMBP, and denatured DMMBP binds to SR1 again to start the next cycle. In fact, increased acceleration of ATP hydrolysis in the presence of 60 mM GdmCl and denatured DMMBP was observed for SR1 but not at all for SR398 (Fig. 1C) . The fact that the majority of folded DMMBP after SR1-mediated folding reactions was found as free molecules (Fig. 1D, red (Fig. 1A) . The in-cage folding rate of GdmCl-denatured DMMBP by SR1 was difficult to measure, but the rate by SR398 was obtainable (0.20 min −1 ) (Fig. S1H) , which reasonably resembles the iterative folding rate of GdmCl-denatured DMMBP by SR1 (0.18 min
−1
). It is worth mentioning that careful interpretation is needed for other reports that also assumed a singleround folding reaction when SR1-mediated folding of GdmCldenatured substrate protein was observed (5, 6, 12) . Similar to SR398, SRKKK2 retains the associated GroES AEDANS in 60 mM GdmCl (Fig. 1B and Fig. S1A ). Apparent folding rate constants of DMMBP by SRKKK2 (0.059 min ) (Fig. 1A) . The rate constants of spontaneous folding and SRKKK2-mediated folding agree with reported values (8) , but an unnoticed aspect of the folding by SRKKK2 was revealed when trap(D87K) was included in the folding solutions. Trap(D87K) is a mutant of GroEL that captures denatured protein tightly and does not release it even in the presence of ATP. As shown in Fig. 1A , trap(D87K) mostly abolished the folding of DMMBP by SRKKK2 and SR398, indicating that denatured DMMBP escaped out of the cage and was captured by trap(D87K) in the bulk medium. The slow folding of DMMBP by SR1 in the presence of trap(D87K) was assumed to be caused by the SR1-mediated folding of denatured DMMBP occasionally released from trap(D87K) during iterative folding cycles by SR1 (Fig. 1A) .
When the folding solutions of SRKKK2 and SR398 were analyzed by gel filtration after reactions, the majority of DMMBP was found in the form of free molecules folded via out-of-cage folding in the absence of trap(D87K), but they were found in trap(D87K)-denatured DMMBP complexes in the presence of trap(D87K) (Fig.  1D , red and blue traces). Folded DMMBP in the SR fraction (∼5%) was unaffected in the presence of trap(D87K), confirming the absence of "forced escape" (9) . When proteinase K was added immediately after the addition of adenylyl imidodiphosphate (AMPPNP), a large fraction of DMMBP corresponding to the escaped, denatured DMMBP was digested (Fig. S1G ). Out-of-cage folding consists of two events: escape and spontaneous folding. The escape of DMMBP from the cage of SRKKK2 and SR398 was monitored directly by FRET between donor-labeled DMMBP and acceptor-labeled trap(D87K) (Fig. S1C) . The final FRET values indicated that ∼90% of DMMBP escaped out of the cage and was trapped by trap(D87K). Major rate constants of the escape of DMMBP were 1.4 min −1 for SRKKK2 and 5.6 min −1 for SR398, which were much faster than the rate constant of SR398-and SRKKK2-mediated folding (∼0.06 min
). This rapid escape contributed little to the overall folding rate, and the out-of-cage folding of DMMBP apparently occurred at a rate very similar to a spontaneous folding rate. Thus, SRKKK2 mediated DMMBP folding mostly by out-of-cage folding under the reported conditions (8) .
In-Cage Folding of Urea-Denatured DMMBP. In-depth examinations demonstrated that the association of SR1 with GroES is unstable in GdmCl at >20 mM and in urea at >0.5 M (Fig. S2A) . Also, Mg 2+ (5 mM) in buffer B is insufficient to stabilize the association (Fig.  S2B ). Using 8 M urea for denaturation of DMMBP, we carried out the same series of experiments as performed in Fig. 1 , respectively) were more rapid than those of GdmCl-denatured DMMBP (0.064 min −1 and 0.17 min
, respectively). Under these conditions, not only SR398 and SRKKK2 but SR1 did not exchange GroES AEDANS with free GroES (Fig. 2B and Figs. S1B and S2C) and ATP hydrolysis activities were not stimulated by 80 mM urea and denatured DMMBP (Fig. 2C) . Gel-filtration analysis of the folding solution after the reaction showed that a small (SR1 and SR398) or large (SRKKK2) amount of folded DMMBP was associated with the SR fraction, representing the in-cage folding (Fig. 2D, red traces) . Out-of-cage folding produced free DMMBP, which was abolished when trap(D87A) was present (Fig. 2D, blue traces) . Time courses of folding were measured in the presence of trap(D87A) (in-cage folding) and in the absence of trap(D87A) (in-cage folding + outof-cage folding) (Fig. 2A) . The rate constant of in-cage folding was obtained as the product of the apparent rate constant and the fraction of the in-cage folding yield (SI Text). The exact value of the in-cage yield was obtained after taking into account the observation that the folded DMMBP(4C) with two internal disulfide cross-links was confined in the cage at ∼100% yield and its magnitude of Trp fluorescence was 78% that of the folded DMMBP in the bulk medium (Fig. S3) . The rate constant of in-cage folding of DMMBP by SR1 (0.24 min
, yield of 12%) was almost the same as that by SR398 (0.25 min −1 , yield of 12%). SRKKK2, however, underwent in-cage folding at a slower rate constant (0.12 min ) and a higher yield (55%). These in-cage yields were consistent with the fraction of DMMBP protected from proteinase K added immediately after addition of AMPPNP (Fig. S1G) . Thus, compared with spontaneous folding (0.11 min
), the in-cage folding of DMMBP by SR1 and by SR398 was about twofold more rapid, whereas that by SRKKK2 was at a similar level. We confirmed that GroEL (D398A), a double-ring version of SR398, was also capable of incage folding of urea-denatured DMMBP (0.24 min
, yield of 21%). The timing of the trap(D87K) addition did not affect the folding and escape of DMMBP (Fig. S1 D and F) . Chakraborty et al. (8) observed that trimethylamine N-oxide (TMAO) accelerated SRKKK2-mediated folding of DMMBP, as well as spontaneous folding. TMAO is an osmolyte suggested to reduce structural flexibility of proteins (13), and these investigators interpreted the results to mean that WT chaperonin mimics the effect of TMAO, consistent with their proposal that the negative charge lining of the cage may promote protein compaction by an ordering effect on water structure. However, because DMMBP mostly escapes from the cage of SRKKK2 and folds spontaneously under the conditions in the study by Chakraborty et al. (8) , their observation most likely reflects the acceleration of spontaneous folding by TMAO. We reexamined their experiments under the in-cage folding condition and found that TMAO had no effect on the in-cage folding rate constant of DMMBP by SRKKK2 (Fig. 3A) . On the contrary, TMAO accelerated in-cage folding by SR1 and iterative folding by GroEL to the same extent. Spontaneous folding was accelerated the most by TMAO.
Mobility of DMMBP in the Cage of SRKKK2. Based on the decrease in anisotropy of fluorescently labeled DMMBP as a probe of increasing mobility of DMMBP during SR1-and SRKKK2-mediated folding, Tang et al. (6) suggested that reducing the negative net charge of the cage wall strongly impaired the mobility of DMMBP in the cage. We measured anisotropy change under the conditions of single-round folding in HKM buffer using ureadenatured DMMBP(A52C) Alexa (Fig. 3B) . Native DMMBP (A52C) Alexa , as well as spontaneously folded DMMBP (A52C) Alexa , in the medium shows a low anisotropy value (0.13), reflecting high mobility. On the contrary, anisotropy values of folded DMMBP(A52C) Alexa in the isolated SR1/GroES complex and in the isolated SRKKK2/GroES complex are high (0.25), almost the same as the value of unfolded DMMBP(A52C) Alexa bound to SRs before the start of the folding reaction (0.24). Thus, mobility of folded DMMBP(A52C) Alexa in the cage is very restricted regardless of the presence or absence of negative charges in the cage. Therefore, time courses of anisotropy decrease solely reflect the progress of out-of-cage folding, and final values (SR1 = 0.15, SRKKK2 = 0.22) are parallel to the yields of the outof-cage folding (SR1 = ∼90%, SRKKK2 = ∼40%). These results do not support the suggestion that the negative net charge on the cage wall contributes to the mobility of DMMBP in the cage.
Folding of Rubisco by SRKKK2. It was reported that SRKKK2 was unable to promote the folding of Rhodospirillum rubrum Rubisco (6), a stringent substrate protein in which folding is dependent on chaperonin (14) . This observation has been proposed to be further evidence to support the critical role of three negatively charged residues in the cage, which are replaced by lysines in the SRKKK2 mutant. We examined folding of urea-denatured Rubisco by SRKKK2. To assess the amount of folded Rubisco monomer in the cage, the GroES lid of the cage must be removed from SRs to allow the folded Rubisco monomer to be free to form an enzymatically active dimer in the medium. Tang et al. (6) used apyrase/ trans-1,2-cyclohexanediamine tetraacetic acid (CDTA) treatment for this purpose. However, when fluorescence-labeled Rubisco was used as a substrate and the folding solution of SRKKK2 was analyzed by gel filtration after treatment, the majority of Rubisco appeared as a large peak at a position equivalent to 18 kDa, which is much smaller than the Rubisco monomer (51 kDa) (Fig. 4A, red  trace) . SDS/PAGE analysis showed that ∼70% of Rubisco was degraded during apyrase/CDTA treatment of the SRKKK2 solution (Fig. S4) . Therefore, this 18-kDa peak was derived from digested Rubisco by contaminated proteinase activity in the commercial apyrase. In the case of SR1, a Rubisco dimer peak appeared as a major peak and as an 18-kDa minor peak. It is possible that the rapid lid-opening procedure and dimer formation in the case of SR1 would result in less degradation of Rubisco monomer. To avoid apyrase, we have developed another lidopening procedure based on a previously reported procedure (11) in which hexokinase/CDTA treatment is followed by freezing in liquid nitrogen, and we found that the Rubisco dimer was formed from both SR1-and SRKKK2-mediated folding (Fig. 4A, blue  traces) . Contrary to the report by Tang et al. (6) , the recovery time course of Rubisco activity showed that SRKKK2 can promote the folding of Rubisco, although at a slower rate constant (0.17 min (Fig. 4B) . SRKKK2 was also capable of mediating the folding of rhodanese, another stringent substrate protein, and GFP as rapidly as SR398 folds (Fig. S5) .
Discussion
Chaperonin-mediated folding could be a mixture of in-cage folding and out-of-cage folding. Thorough examination is needed for individual substrate proteins because the fraction of out-ofcage folding differs from one protein to another and is dependent on GroEL variants (9) . We found here that the folding of GdmCldenatured DMMBP mediated by SRKKK2 undergoes mostly (∼95%) out-of-cage folding and its folding kinetics resemble those of spontaneous folding. Therefore, the analysis of SRKKK2-mediated folding of GdmCl-denatured DMMBP previously reported (6, 8) does not reflect in-cage folding but, rather, out-of-cage folding. Using urea denaturation and buffer containing 10 mM Mg 2+ , we observed exclusive in-cage folding of DMMBP and found that DMMBP folds in the cage of SR1 and SR398 about twofold faster than it does in the cage of SRKKK2 and in free solution. The previously reported slow folding of DMMBP by SRKKK2 (6, 8) is, coincidently, in agreement with our results. However, SRKKK2 is not always inefficient; it is as efficient as SR398 in rhodanese folding as well as in GFP folding, which is twofold faster than the spontaneous folding. Thus, it is reasonable to state that the effect of the cage wall charge differs depending on the substrate protein.
Folding rates (and the yield of in-cage folding) vary depending on the combination of chaperonin variants and substrate proteins (9, 15) , and the mutational effect of chaperonin on protein folding is not straightforward. Hydrophobicity of the cage wall has been thought to be an important factor that affects folding, but both the less hydrophobic SR398(Y203C) and the more hydrophobic pyrene-labeled SR398(F44C) fold rhodanese more slowly than SR398. Furthermore, a chaperonin variant optimized for the folding of GFP loses the ability to fold other substrates efficiently (16) . Even free chloride ions affect the apparent folding rate (4, 17) . Therefore, generalizing the mechanism of chaperonin folding based on the analysis of a single GroEL variant and substrate protein is insufficient because the folding of individual proteins appears to be distinct.
Materials and Methods
Proteins. DMMBP and DMMBP(A52C), prepared as inclusion bodies from expressing Escherichia coli, were solubilized by GdmCl, refolded in buffer, and purified with amylose resin (New England Biolabs). SR398, SRKKK2, trap (D87K), GroES, fluorescently labeled GroES AEDANS , and Rubisco Alexa were prepared as described (9) . Protein concentrations were measured by a Bradford protein assay kit (Bio-Rad). The labeling of DMMBP(A52C) by Alexa 488-maleimide (Molecular Probes) was performed as previously described (9) .
Folding Assay. Folding of DMMBP was assayed as follows. The reaction mixture containing 0.2 μM SR (or 0.1 μM WT GroEL) and 0.5 μM GroES in buffer B (8) or HKM buffer was incubated with stirring at indicated temperatures. DMMBP (10 μM) was denatured in a buffer containing 6 M GdmCl, 20 mM Tris·HCl (pH 7.5), and 1 mM DTT or in a buffer containing 8 M urea, 20 mM Tris·HCl, and 1 mM DTT for more than 30 min. Denatured DMMBP was diluted 100-fold into the reaction mixture, and the chaperoninmediated folding reaction was started by the addition of ATP (1 mM). When indicated, 0.1 μM trap(D87K) was mixed before addition of ATP to measure the in-cage folding. DMMBP folding was monitored by the recovery of intrinsic Trp fluorescence of native DMMBP at 340 nm (excitation at 295 nm). The gel-filtration analysis was carried out with a Superdex 200 10/300GL column (GE Healthcare) equilibrated with HKM buffer. The Rubisco folding reaction was performed at 25°C as described (9) with modifications. Rubisco denatured in 100 mM glycine·HCl (pH 2.2) containing 8 M urea and 5 mM DTT was diluted into HKM buffer (final = 0.2 μM) containing 0.5 μM SR and 2 μM GroES. The folding reaction was started by the addition of ATP (final = 1 mM). Aliquots were subjected to hexokinase/CDTA treatment. Recovered Rubisco activity was measured by a coupling enzyme assay (9).
Gel-Filtration Analysis. Stability of the association of GroES AEDANS with SRs was examined by gel-filtration column chromatography monitored with the fluorescence of AEDANS at 490 nm (excitation at 340 nm). Denatured substrate protein (0.15 μM) was mixed with buffer containing 0.1 μM SR and 0.1 μM GroES AEDANS to form the ternary complex. ATP (1 mM) was added to the solution, and 1 μM GroES was added subsequently. After incubation under the indicated conditions, the solution was applied to a gel-filtration column equilibrated with HKM buffer. Location of Rubisco after the folding reaction was examined by gel-filtration column chromatography monitored with the fluorescence of Alexa at 520 nm (excitation at 480 nm). Denatured Rubisco Alexa was diluted into HKM buffer containing 0.1 μM SR, 0.25 μM GroES (final = 0.075 μM). Folding was initiated by addition of 1 mM ATP, and the solution was incubated for 30 min. For apyrase/CDTA treatment, solution was incubated with apyrase (0.17 U/μL; Sigma-Aldrich, Grade I from potato) and 15 mM CDTA for 5 min, and it was subsequently incubated with 50 mM Mg(OAc) 2 for 1 h as reported (5) , except that Rubisco mutant K168E was not added. For hexokinase/CDTA treatment, solution was incubated with hexokinase (0.2 U/μL; Roche Diagnostics) and 20 mM glucose for 15 s, and 15 mM CDTA was subsequently added; solution was frozen by means of liquid nitrogen. After being thawed on ice, Mg(OAc) 2 (50 mM) was added. After incubation for 1 h at 25°C, solution was analyzed by means of a gelfiltration column equilibrated with HKM buffer containing 10 mM NaHCO 3 . Alexa fluorescence of Rubisco Alexa was monitored.
ATP Hydrolysis Activity. The reaction was started by the addition of ATP (1 mM) to buffer B or HKM buffer containing 0.5 μM SR, 2 μM GroES, and indicated components (60 mM GdmCl, 60 mM GdmCl and 1 μM denatured DMMBP, 80 mM urea, or 80 mM urea and 1 μM denatured DMMBP). Aliquots were mixed with 6% (vol/vol) perchloric acid to stop ATP hydrolysis, and produced Pi was assayed by the malachite green method. The steady state turnover rate of ATP hydrolysis was calculated from a linear increase in the amount of Pi. 
